Episodic memories are composed of various interrelated elements, including the specific item of central interest and its related features, such as color, shape, size, spatial location, and temporal order [1] . However, successful retrieval of these various elements itself does not necessarily yield intact episodic memories. To be available for future use, these elements have to be associatively bound into an integrated memory trace.
Current theoretical models implicate the hippocampus as the core neural basis of feature binding [2, 3] . This notion has been supported by both animal lesion studies and human functional neuroimaging studies. Hippocampal damage in animals impairs memory for stimuli involving common elements that are rearranged within a scene [4] . Functional magnetic resonance imaging (fMRI) studies in humans have also found that activity in the hippocampus increases during encoding of items for which the related features (e.g. the printed color of a word) were subsequently remembered rather than forgotten, whereas activity in the perirhinal cortex correlates with subsequent item recognition per se [5] [6] [7] [8] [9] [10] . Altogether, the converging evidence has suggested the important role of the hippocampus in forming mnemonic connections between different episodic features. However, this study aimed at further elucidating whether hippocampal activation increased with the number of features subsequently recollected during multifeatural episodic encoding, as most fMRI studies have measured subsequent associative memory for only one related feature of the studied item ( [8, 11, 12] ). Further empirical evidence for the role of hippocampus during multifeatural episodic encoding would offer key insights into the neural basis of the episodic memory.
In considering the possible hippocampal engagement during multifeatural episodic encoding, how the episodic features are manipulated is likely to be important. It is widely accepted that the hippocampus is critically engaged in bridging temporal discontinuities for integrating sequential items together [13] . The hippocampus was found to be involved in feature binding when there was temporal separation between the item and the related features [9, 10, 14] . However, to our knowledge, none of the earlier studies on multifeatural episodic encoding [8, 11, 12] presented the item and its related features sequentially. Therefore, in our study, the related features and the items appeared sequentially with a 0.5 s interval.
Another consideration is which features are embedded in the episode. One dichotomy is to distinguish associative from organizational features [15] . Associative features refer to those features, which are directly connected with the item and may be encoded concurrently with the item, such as color, shape, and size. Organizational features refer to features, which are extrinsic to the item and require more effort to encode, such as spatial location and temporal order. It has been argued that the hippocampus is selectively engaged during episodic encoding for associative features, but not organizational features [15] . However, except for the associative features (i.e. color), Uncapher et al. [8] and Staresina and Davachi [12] also manipulated the organizational features (i.e. location or task), which might less involve hippocampus [15] and more rely on cortical regions other than hippocampus, such as frontal cortex in Uncapher et al. [8] , during feature binding.
Altogether, in the present event-related fMRI study, we manipulated two associative features, color and size, independently in the same manner, presented the features and the item sequentially, and tested how hippocampus activity would be modulated by the number of features subsequently recollected under temporal discontinuities.
Methods

Participants
Fifteen right-handed volunteers from the university community with normal or corrected-to-normal vision (six males and nine females, aged from 18-28 years) participated in this study. All the participants were paid 100 RMB for their participation. Written informed consent was obtained in a manner approved by the Ethics Committee of the Shanghai Psychological Society.
Materials
Four hundred and fifty black and white pictures of common objects were randomly selected from International Picture-Naming Project by Center for Research in Learning at University of California, San Diego picture database as materials, 300 of which were randomly selected to serve as learning items and 150 of which served as lures during the memory test.
Procedure
During the scanned encoding phase, 300 learning items were presented sequentially. For each encoding trial, a 0.5 s frame cue varying in size and color was presented at first, followed by a 0.5 s blank interval (blank screen) and a 3 s black and white object. Participants were instructed to form a mental image of each object according to the frame color and cue size, and indicated whether they could successfully form such a mental image. For the color, participants were instructed to imagine the object in the frame color. For the size, participants were instructed to imagine the object to be as big as a 20 m 2 room if the frame was big and as small as a shoe box if the frame was small. Responses were given through a magnetcompatible button box below participants' left hand. The encoding trials were intermixed with 4 s null trials (75 trials in all), during which a black fixation cross was presented. All the trials were presented with jittered interstimulus intervals (a fixation cross) from 0-1 s.
About 15 min after the encoding phase, participants were given a surprise self-paced memory test outside the scanner. Four hundred and fifty objects were presented sequentially in a random order. Participants were instructed to indicate whether the object was old (presented during the encoding phase) or new (not presented during the encoding phase). If they responded as 'old', they were then required to indicate the related color and size of their mental image of the object.
Functional magnetic resonance imaging
Imaging was carried out on a 3 T Siemens scanner at the Functional MRI Lab (East China Normal University, Shanghai). Functional imaging was acquired using a gradient echo-planar imaging sequence [repetition time (TR) = 2200 ms, echo time = 30 ms, field of view = 220 mm, matrix size = 64*64]. Thirty-five slices perpendicular to the anterior commissure-posterior commissure line (slice thickness = 3 mm, gap = 0.3 mm) were acquired and covered the whole brain. The first five TRs acquired were discarded to allow for T1 equilibration. Before the two functional runs, a high-resolution structural image was acquired using a T1-weighted, multiplanar reconstruction sequence (TR = 1900 ms, echo time = 3.42 ms, 192 slices, slice thickness = 1 mm, field of view = 256 mm, matrix size = 256 Â 256).
Functional magnetic resonance imaging data analysis
Data preprocessing and statistical analyses were performed with Statistical Parametric Mapping (SPM5, Wellcome Department of Cognitive Neurology, London, UK). During data preprocessing, all volumes were corrected for differences in slice acquisition timing and realigned spatially to the first volume of the first time series. None of participants moved more than 3 mm in any direction during the encoding phase. Then, the resulting images which were resampled to 2 Â 2 Â 2 mm voxel size were spatially normalized to a standard echo-planar imaging template based on the Montreal Neurological Institute reference brain and smoothed with an 8 mm full-width half-maximum isotropic Gaussian kernel.
Statistical analyses were performed using the general linear model implemented in SPM5. Encoding trials were classified into four conditions according to participants' performance at subsequent memory tests: (i) learning items later judged to be new (MISS), (ii) learning items later recognized without correct judgment of both the color and the size (Item Only or IO), (iii) learning items later recognized with only one associative feature (color or size) being correctly judged (ONE), (iv) learning items later recognized with both associative features being correctly judged (TWO). Each encoding trial was modeled using a canonical hemodynamic response function and its temporal derivative according to four memory conditions. All the encoding trials were modeled as 4 s long events from the onset time of the frame cue. Six regressors modeling movement-related variance and one modeling the overall mean during the whole encoding phase were also employed in the design matrix. Parameter estimates (b estimates in the figures) for each regressor of interest at the single subject level were submitted to the second-level Importantly, additional parametric analyses, an efficient statistical procedure to reveal voxels that show a particular pattern of activation throughout several conditions [16] , was conducted at the individual-subject fixedeffects level to assess how hippocampus activity modulated by the amount of features subsequently recollected. Specifically, a parametric regressor was created to represent the different weighting for different memory conditions (IO = 1, ONE = 2, TWO = 3). The resulting subjectspecific estimates of the parametric regressor at each voxel were then entered into a second-level one sample t-tests treating participants as a random variable.
In the whole-brain analysis, the resulting statistical map was thresholded at a voxel-wise P value less than 0.001 and a spatial-extent threshold of 10 contiguous voxels. For parametric analyses, as the purpose of this study was to test how hippocampus activity would be modulated by the number of features subsequently recollected, we focused our analyses on the hippocampus and a small volume correction (SVC) was applied to the hippocampus bilaterally. For this purpose, an anatomical SVC mask of hippocampus was created by anatomy toolbox [17] . Clusters resulted from parametric analyses exceeding the threshold of P value less than 0.05 (family wise error corrected) after an SVC were considered reliable. Anatomic labeling of activations of clusters was performed with the anatomy toolbox. Peak voxels were reported in Montreal Neurological Institute coordinates.
Results
Behavioral results
In the memory test, 67% of the learning items were judged as old (hits) and 18% of the lures were judged as old (false alarms). The parametric analyses revealed that the only hippocampal cluster showing additive effect of feature binding after an SVC (family wise error, P < 0.05) was located in the right anterior hippocampus extended to entorhinal cortex (peak xyz: 16, -10, -24, significant t = 5.37, Fig. 1a) . Participants' b estimates for three regressors corresponding to IO, ONE, TWO conditions were derived across the right hippocampal cluster and are depicted in Fig. 1b , which indicated activation of the hippocampus increased with the number of features successfully bound to the item. The stepwise increments were confirmed by several t-tests. The activation of the right hippocampus cluster was significantly higher in ONE condition than in IO condition [t(14) = 3.03, P < 0.01] and significantly higher in TWO condition than in ONE condition [t(14) = 2.67, P < 0.05].
Next, on the basis that the parametric analysis can only reveal regions which bear a preset pattern of activation (e.g. linear), we questioned whether there existed other regions in the hippocampus except for the beforementioned regions whose activity did not follow a graded pattern. On the basis of the vital role of the hippocampus in feature binding, activity in such hippocampal regions was supposed to be greater in both ONE and TWO conditions than in IO condition. Hence, to search for such regions, we conducted a four memory conditions ANOVA (see fMRI Data Analysis) and applied a conjunction analysis [18] of two contrasts: TWO versus IO and ONE versus IO within this ANOVA model (individual contrast thresholded at P < 0.001 to result in a conjunction threshold of P < 0.000001). Interestingly, the only cluster in the whole brain emerged from conjunction analysis overlapped partly with the right hippocampal cluster extended to entorhinal cortex reported above (peak xyz: 16, -10, -24, significant t = 3.91). Participants' b estimates for three regressors corresponding to IO, ONE, TWO conditions were derived across the cluster, which indicated a stepwise increased activation in this cluster. Following t-tests showed the right hippocampal activation was significantly higher in ONE condition than in IO condition [t(14) = 3.27, P < 0.01] and significantly higher in TWO condition than in ONE condition [t(14) = 2.59, P < 0.05]. Thus, it is confirmed that the hippocampus activity might be modulated by the number of features subsequently recollected.
Item memory effect
However, it was too early to draw conclusion here. One alternative explanation for the above result was that the graded contributions of the hippocampus is related to the amount of remembered information in general, but not specific to the successful binding between associative features and the item, which predicts greater hippocampal activity in IO condition than in MISS condition. To confirm the graded contributions of the hippocampus specific to feature binding, but not to the general item memory effect, we extracted b estimates in IO and MISS conditions across the hippocampus cluster from parametric analysis. It was found that hippocampal activity in IO condition was the same as that in MISS condition [t(14) = 1.56, P > 0.05], providing no evidence that the hippocampus subserves item memory. This null result may be because of a lack of sensitivity. Thus, to determine the size of effect, we might expect to obtain, we searched for regions that exhibited item memory effects by contrasting IO and MISS conditions. The only medial temporal lobe region surviving in this analysis is located in the right perirhinal cortex (xyz: 46, -20, -28, significant t = 4.47 [19] ). Further analysis on b estimates extracted from the local maximum voxel revealed that activity in the right perirhinal cortex showed a significant item memory effect [t(14) = 3.22, P < 0.01], which was crucially significantly different from that in the hippocampus [F(1,14) = 13.23, P < 0.01]. It indicated that we can sensitively exclude an item effect in the hippocampus. In summary, the result implied that the graded contributions of the hippocampus were specific to feature binding essential for episodic memory formation.
Discussion
This study was designed to elucidate the specific activation pattern of the hippocampus during multifeatural episodic encoding. The finding that the right hippocampal activity increased with the number of features successfully bound to the item is consistent with previous fMRI studies showing activity in the hippocampus was greater during encoding of items for which the related features were subsequently remembered rather than forgotten [5] [6] [7] [8] [9] [10] 12] . We extend these results by showing an additive effect of number of features binding in the hippocampus (cf. [12] ). However, our research used two associative features each of equal performance difficulty, which might allow the hippocampus to be involved at the same extent for two features [15] . Furthermore, in line with brain lateralization perspective [20] , we used pictures as materials and found hippocampal activation in the right hemisphere. Finally, most importantly, we presented the features and the item sequentially showing that binding multiple episodic features across the temporal delay mainly relied on the graded contributions of the hippocampus.
Moreover, the temporal separation between the item and the features is likely to be critical when understanding the functional dissociation between different regions in the medial temporal lobe. In this study, the graded contribution of hippocampus was not found to be related to item recognition, but to be limited to the binding between item and its related features, whereas activity in the right perirhinal cortex showed item memory effects. At first glance, this result is in line with the functional dissociation between different regions in the medial temporal lobe: the hippocampus is critical for later recovery of associated contextual features, whereas the perirhinal cortex is critical for later item recognition [5, 6, 10] .
However, there has been increasing evidence against functional dissociations in different regions of the medial temporal lobe. Specifically, the perirhinal cortex has been shown to be engaged in associative memory formation in several studies [11, 12, [21] [22] [23] . Upon closer examination, we found that all the above studies required participant to bind a coherent associative feature presented simultaneously with the target item. A relevant distinction might be whether or not binding occurs over an extended period of time. Binding processes of simultaneous visual features (e.g. a pen and its color 'blue' in the real world) may involve the late stages of the ventral visual stream at the parahippocampal gyrus, particularly perirhinal cortex ( [24] ; for review see Ref. [25] ). In contrast, binding of temporally separated features may rely on the hippocampus. Consistent with this scenario, our study, together with several other studies [9, 10, 14] found a hippocampal, but no perirhinal binding effect when there was temporal separation between the item and the related features. Further investigations are needed to verify the above hypothesis.
Conclusion
This study revealed that hippocampus produced a graded activation according to the number of (temporally separated) features bound together. 
